An energetic ionic salt (EIS)-based cocrystal formation, cyclotetramethylene tetra-nitramine (HMX)/hydrazine 5,5 0 -bitetrazole-1,1 0 -diolate (HA$BTO), is predicted based on molecular dynamics simulations. HA$BTO is a newly-synthesized environmentally friendly energetic ionic salt with good detonation performance and low sensitivity. Calculated powder X-ray diffraction patterns and intermolecular interactions deduce the formation of the new cocrystal structure. Radial distribution function analysis suggests that hydrogen bonds and van der Waals (vdW) forces exist between the H/O pairs of HMX and HA$BTO, while the hydrogen bonds between the H of HA$BTO and the O of HMX play a prominent role. The cohesive energy density and mechanical properties are also analyzed. The cohesive energy density of the HMX/HA$BTO cocrystal is larger than that of the composite of HMX and HA$BTO, indicating an improvement in crystal stability by cocrystalization. Compared to both HMX and HA$BTO, HMX/HA$BTO has smaller Young modulus, bulk modulus and shear modulus values, but larger K/G values and a positive Cauchy pressure, suggesting decreased stiffness and improved ductibility. Moreover, the calculated formation energy is À405.79 kJ mol À1 at 298 K, which implies that the proposed cocrystal structure is likely to be synthesized at ambient temperature. In summary, we have predicted an EIS-based cocrystal formation in which the safety and mechanical properties of HMX have been improved via cocrystalization with HA$BTO, and this provides deep insight into the formation mechanism of the EIS-based cocrystal.
Introduction
Energetic cocrystals have received great attention and have made considerable developments since their introduction inspired by pharmaceutical cocrystals. 1 Based on intermolecular interactions (hydrogen-bonding interactions, van der Waals (vdW) interactions, p-p stacking interactions, electrostatic interactions, etc.), the cocrystallization of sensitive highenergy-density materials and insensitive low-energy-density materials has achieved a better balance between the detonation performance and mechanical sensitivity. [2] [3] [4] [5] [6] Novel cocrystals have endlessly emerged, such as 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazatetracyclododecane (CL-20)/1-methyl-3,5dinitropyrazole (MTNP), 7 CL-20/2,4-dinitro-2,4-diazapentane (DNDAP), 8 CL-20/1-amino-3-methyl-1,2,3-triazolium nitrate (1-AMTN), 9 CL-20/1-methyl-2,4-dinitroimidazole (2,4-MDNI) 10 or 1methyl-4,5-dinitroimidazole (4,5-MDNI). 10 High energy density is no longer the only goal in the modern development of energetic materials. Energetic ionic salts (EISs), [11] [12] [13] [14] [15] such as dihydroxylammonium 5,5 0 -bistetrazole-1,1 0diolate (TKX-50), 14 with excellent comprehensive properties of high energy density, low impact sensitivity and low toxicity, have proved to be promising candidates in many applicational aspects. However, cocrystals with EISs as only one partner are rarely reported. To the best of our knowledge, only one EISbased cocrystal formation of CL-20/1-AMTN has been synthesized, which has a structure similar to ternary perovskite energetic crystals. 9 Due to the great differences in the structures, it is difficult to form cocrystals or gain high quality crystals. Consequently some simulation work on TKX-50/CL-20, 16 TKX-50/cyclotetramethylene tetra-nitramine (HMX) 17 and TKX-50/ cyclotrimethylene trinitramine (RDX) 18 cocrystals has been performed based on molecular dynamics (MD) simulations.
Considering the advantages of cocrystals with EISs as components, we constructed a cocrystal model of HMX/ hydrazine 5,5 0 -bitetrazole-1,1 0 -diolate (HA$BTO). HA$BTO (Scheme 1) is an energetic ionic salt developed by the reaction of 1H,1 0 H-5,5 0 -bitetrazole-1,1 0 -diolate (BTO) and hydrazine hydrochloride (HA$HCl) with properties equal to or better than TKX-50. 12, 19 Based on molecular dynamics simulations, the formation mechanism, energy and mechanical properties of the HMX/HA$BTO cocrystal have been analysed, contributing to a better understanding of the formation mechanism of EISbased cocrystals.
Computational details

Construction of models
Molecular interactions, especially hydrogen bonds and vdW forces, play an important role in the formation of cocrystals. In Fig. 1 , there are hydrogen bonds and vdW forces between the O/H pairs and N/H pairs of HMX and HA$BTO. Based on the formation mechanism, the cocrystal model of HMX/HA$BTO is constructed by randomly substituting the HA$BTO molecules with HMX molecules at a molar ratio of 1 : 2 (HMX : HA$BTO). In detail, the crystal facet parallel to the A-and B-axis is chosen as the substituting location of HA$BTO (see Fig. 2 ). We also chose the ve dominant crystal facets (see Fig. S2 †) of HA$BTO as the substituting locations. However, the structures and properties of those ve cocrystal models are so poor that we believe there is no cocrystallization occurring among them. Therefore, we did not include those ve cocrystal models in this paper. The crystal models of HMX and HA$BTO were constructed by the crystal parameters from X-ray diffraction. 12, 20 The primary cell of HMX consists of two neutral molecules while that of HA$BTO consists of one divalent BTO anion and one divalent hydrazine cation. The initial model of HMX/ HA$BTO consists of two HMX molecules and four HA$BTO molecules. Then, all initial models were built into (2 Â 2 Â 2) supercells and optimized with a 1000-step "smart algorithm". The "smart algorithm", which is a cascade of the steepest descent, involving ABNR and quasi-Newton methods, is a geometry optimization algorithm in the Forcite module of the Materials Studio 8.0 soware. 21 It should be noted that all the construction of the models and the following molecular dynamics simulations were conducted in this module. The quality was set to "ne" for all simulations. To eliminate unreasonable conformations, a ve temperature cycle (150-500-150 K) anneal dynamic under an NVT ensemble with Anderson temperature control method 22 was executed for all supercells, and the conformations with minimum energy were chosen for further molecular dynamic simulations.
Choice of force eld
A suitable force eld is the key to obtaining reliable molecular dynamics simulation results. The popular COMPASS (condensed-phase optimized molecular potentials for atomistic molecular dynamics studies) 23 force eld has proved to be suitable for molecular dynamic simulations with nitro (-NO 2 ) containing compounds such as RDX, HMX and CL-20. However, there were no reasonable parameters for the N-oxides on the azole ring of 5,5 0 -bitetrazole-1,1 0 -diolate when assigning force eld types using COMPASS in our simulation tests. In the works of Xiong [16] [17] [18] 24 and Yu, 25 the TKX-50, TKX-50-based PBXs and TKX-50-based cocrystals are parameterized by PCFF (the polymer consistent force eld), [26] [27] [28] which predicts the lattice parameters, energy and mechanical properties precisely. Based on the parameter settings of these early works, the HMX/ HA$BTO cocrystal model was simulated using the PCFF force eld. The lattice parameters of the optimized HMX and HA$BTO primitive cells using the PCFF force eld, as well as the experimental values, are listed in Table 1 . From Table 1 , we can see that both of the values agree well with each other.
Further validation of the PCFF force eld was conducted by predicting the crystal morphology of HA$BTO. There is no crystal morphology of HA$BTO reported, apart from a SEM image of morphology in the original work. We calculated the crystal morphology of HA$BTO using the Growth Morphology (GM) Scheme 1 Molecular structure of HA$BTO. Fig. S2 , † we can see that the predicted crystal morphology of HA$BTO possesses ve dominant facets and exhibits a prism-type morphology with regular shape, uniform size, and smooth and integrated surfaces. This is consistent with the original SEM image. 12 The aspect ratio is 2.98. More details are shown in Table  S1 . † Furthermore, it needs to be emphasized that both COMPASS and PCFF are not sufficiently sophisticated enough to model the chemical reaction that causes the material to explode. Therefore, the simulations are not able to provide much information regarding the stability of the solid to gas phase change.
Molecular dynamics simulations
Five molecular dynamics simulation tasks were conducted under the NPT (constant pressure and constant temperature) ensemble from an initial temperature of 198 K with a 50 K-step width to a nal temperature of 398 K. The temperature was controlled with the Anderson method 22 at a collision ratio of 1.0, while the pressure was controlled with the Parrinello-Rahman method 30,31 at a cell time constant of 1.0 ps. The Ewald and atom-based summation methods were chosen for the electrostatic and van der Waals forces calculations, at a buffer width of 0.5Å and a cut-off distance of 15.5Å, respectively. A xed timestep of 1 fs was adopted throughout all simulations. We equilibrated the system for 200 ps. In Fig. S1 , † we can see that the system proceeded at the equilibrium state in the last 100 ps. Then, we sampled the last 100 ps trajectory every 50 fs to get a total of 2000 frames for further statistical analysis.
Results and discussion
Powder X-ray diffraction (PXRD) simulations
PXRD is universally used to detect polymorphism, and is also used to determine the phase transformation of single crystals. We conducted a PXRD simulating experiment on the cocrystal model of HMX/HA$BTO with the reex module in Materials Studio 8.0. Cu was selected as the target and the scanning range was 5-45 with a step-width of 0.02 . The results of the PXRD are shown in Fig. 3 . Compared to the diffraction patterns of HMX and HA$BTO, the characteristic peaks of the HMX/HA$BTO cocrystal model were evidently shied to the le with new peaks occurring at q ¼ 6 , 13 , and 19 . The characteristic peaks of HMX and HA$BTO disappeared in the diffraction patterns of the HMX/HA$BTO cocrystal model. Consequently, the diffraction pattern of the HMX/HA$BTO cocrystal model is apparently not the simple superposition of the diffraction patterns of HMX and HA$BTO, and from this we can deduce the formation of a new cocrystal structure.
Radial distribution function (RDF) analysis
Hydrogen bonds and vdW forces are important driving forces in the formation of new cocrystals. To further explore the cocrystal structure of HMX/HA$BTO, we carried out RDF analysis between the H/O and H/N pairs in the cocrystal. RDF describes the probability of nding an atom at a distance from the other atom in an atomic pair. Usually the close contacts can be classied into hydrogen bonds, strong vdW forces and weak vdW forces by the interaction distance ranges of 1.1-3.1Å, 3.1-5.0Å and larger than 5.0Å, respectively. 16, 17, [32] [33] [34] [35] [36] We denote H, O, and N in HMX as H(1), O(1), and N(1), and those in HA$BTO as H(2), O(2), and N(2). For the two N atoms in the hydrazine cation surrounded by six H atoms, there are likely to be no apparent interactions between the N atom in the hydrazine cation and the H atom in HMX. Thus, only N atoms in the BTO anion are included in N(2). The results are shown in Fig. 4 .
From Fig. 4(a) , it can be seen that there are two main peaks. One occurs at a distance of about 2.6Å, which indicates that hydrogen bonds exist between the H atoms of HMX and the O atoms of BTO. The other occurs in the range of 6-8Å, indicating weak vdW forces. There are no apparent peaks in Fig. 4(b) , and this means that there are no evident interactions between the H atoms of HMX and the N atoms of BTO. In Fig. 4(c) , there are two apparent peaks at distances of about 1.8Å and 3.2Å, respectively, which indicate that there are hydrogen bonds and strong vdW forces between the H atoms of HA$BTO and the O atoms of HMX. Moreover, the peak intensity for the hydrogen bonds in Fig. 4(c) is much higher than that in Fig. 4(a) , and the distance at which the hydrogen bonds occurs in Fig. 4(c) is much shorter than the distance in Fig. 4(a) , indicating that there are much stronger hydrogen bond interactions between the H atoms of HA$BTO and the O atoms of HMX than those between the H atoms of HMX and the O atoms of BTO. In Fig. 4(d) , there are no apparent peaks, apart from some little convexities. It should be noted that the little convexities approximately match the peaks in Fig. 4(c) with a horizontal shi. We can assume that the little convexities result from the periodical arrangement of the cocrystal atoms, instead of close interactions. To conclude, there are hydrogen bonds and strong or weak vdW forces between the H/O pairs, and the hydrogen bonds between the H atoms of HA$BTO and the O atoms of HMX are much stronger than those between the H atoms of HMX and the O atoms of BTO. On the other hand, in Fig. 4(a) and (c), it is apparent that the peak intensity for the hydrogen bonds decreases gradually as the temperature increases. And, at the same time, those peaks shi slightly to the right. We can ascribe this to the decreasing interactions between the H/O pairs due to the reinforcement of atomic thermal motion as the temperature increases, and this is in line with our expectations. As well as RDF, we can represent the interactions between HMX and HA$BTO by binding energy. Binding energy for molecules can be dened as non-bonding energy (electrostatic, vdW and long range corrections). The binding energy varies with temperature, as shown in Fig. S3 . † It can be seen that the binding energy decreases as the temperature increases, which is in agreement with the variation trend of the RDF results described above.
Cohesive energy density
Cohesive energy for molecular crystals is dened as the average energy needed to separate all molecules to an innite distance from each other. The cohesive energy density (CED) is the bulk density of cohesive energy, and this can be used to evaluate the stability of a molecular crystal. CED can be calculated as follows:
where E inter is the interactions energy between all the molecules, which can be acquired from the total energy, E total , minus the intramolecular energy, E intra . V m is the molar volume. The brackets h/i represent the ensemble average. From Fig. 5 , we can see that all CEDs of HMX, HA$BTO and HMX/HA$BTO decrease gradually as the temperature increases. We know that the stability of molecular systems decreases because of the reinforcement of the atomic thermal motion as the temperature increases. Thus, the value of CED can represent the degree of stability of a molecular crystal. We can see that the CED of HMX/HA$BTO is smaller than that of HA$BTO, but larger than that of HMX. However, we cannot arbitrarily say that the stability of the cocrystal model has been improved by cocrystalization. Due to the wildly different interaction mechanisms between HMX and HA$BTO, the increased CEDs of HMX/HA$BTO may be a mixed effect with a combination of both types of interaction. To determine whether cocrystalization is benecial in improving the stability of molecular crystals, the composite model of HMX and HA$BTO was built. We mixed 16 HMX and 32 HA$BTO molecules randomly in a 50Å Â 50Å cubic box, and then compressed it to the density close to the HMX/HA$BTO cocrystal. Consistent optimization, simulations and analysis processes were conducted. In Fig. 6 , both CEDs of the cocrystal and the composite decrease gradually as the temperature increases, and the former is always larger than the latter, and this implies that an improvement in the stability of the cocrystal structure contributed to the cocrystalization.
We also calculated the formation energy of the HMX/ HA$BTO cocrystal at a temperature of 298 K to see whether the proposed structure is easy to be synthesized. The formation energy is calculated as
where E form is the formation energy and E crystal is the total crystal energy. The calculated formation energy is À405.79 kJ mol À1 at 298 K, and this implies that the proposed cocrystal structure is likely to be synthesized under ambient temperature conditions.
Mechanical properties
Mechanical properties are important indices for the availability of energetic products in preparation, machining, transportation and application processes. The primary parameters for mechanical properties include the bulk modulus (K), the shear modulus (G), the Young modulus (E) and Poisson's ratio (n). The Young modulus, also named tensile modulus, describes the resistance to the uniaxial deformation under uniaxial stress, while the bulk modulus describes the resistance to the uniform deformation under hydrostatic pressure. The shear modulus describes the resistance to shear. The ratio of the bulk modulus and the shear modulus (K/G), as well as the Cauchy pressure (C 12 -C 44 ), can also be used to denote the ductibility of materials. 37 A larger value of K/G means more ductibility and less brittleness, and a positive value of C 12 -C 44 means a ductile material, whilst a negative value means a brittle material. For a plastic, the value of Poisson's ratio ranges from 0.2 to 0.4. With the assumption of isotropic materials, we can calculate the moduli as follows: 32, 38, 39 
where l and m are the Lamé coefficients obtained from the static method. The results are shown in Fig. 7 and Table S2 . † From Fig. 7 , we can see that the Young modulus, bulk modulus and shear modulus of HMX, HA$BTO and HMX/HA$BTO all exhibit a downward trend with an increase in temperature, indicating that the stiffness of those crystals decreases as the temperature increases, and this corresponds to our expectations of the experiment. However, the Poisson's ratio, values of K/G, and the Cauchy pressure hardly change with temperature. HMX is similar to that of HA$BTO in the values of the Young modulus, bulk modulus and shear modulus, but it has smaller K/G values and a negative Cauchy pressure, which means that the ductibility of HMX is worse than that of HA$BTO. Compared to both HMX and HA$BTO, HMX/HA$BTO has a smaller Young modulus, bulk modulus and shear modulus, larger K/G values and a positive Cauchy pressure, which suggests decreased stiffness and improved ductibility. The Poisson's ratio of HMX/HA$BTO is also larger than those of HMX and HA$BTO, but it varies in the range of 0.2-0.4, indicating a plasticity with a more lateral strain capacity.
We also compared the mechanical properties of the HMX/ HA$BTO cocrystal with those of another EIS-based cocrystal, HMX/TKX-50, 17 as well as the traditional neutral cocrystal, HMX/CL-20. 33 Here we only list the mechanical moduli values of the cocrystals in Table 2 . More computing details and data can be found in the original papers. The Young modulus, bulk modulus and shear modulus of the three cocrystal models all decrease with the increase in temperature. Compared to their parent components, all of the three cocrystal models exhibit decreased stiffness and improved ductibility, which can be attributed to cocrystalization. On the other hand, the K/G values are in the order of HMX/HA$BTO > HMX/TKX-50 > HMX/CL-20, and this means that both EIS-based cocrystal models have a better ductibility than the traditional neutral cocrystal. However, the Cauchy pressure of HMX/HA$BTO is smaller than that of HMX/TKX-50. There are no available Cauchy pressure values for HMX/CL-20. Therefore, our HMX/HA$BTO cocrystal model may have a better "K/G" ductibility, while the HMX/TKX-50 cocrystal model has a better "Cauchy pressure" ductibility.
Conclusions
In this study, we constructed a cocrystal model of HMX/HA$BTO, based on the probable interactions between HMX and HA$BTO. The calculated PXRD deduced the formation of a new cocrystal structure. Using RDF analysis, we found that there are hydrogen bonds and vdW forces between HMX and HA$BTO, and the prominent interactions are the hydrogen bonds between the H of HA$BTO and the O of HMX. Then, the CED and mechanical properties of the HMX/HA$BTO cocrystal were analysed. Compared to the composite of HMX and HA$BTO, and the parent HMX and HA$BTO models, the stability and ductibility of the HMX/HA$BTO cocrystal have been improved via cocrystalization. In addition, the calculated formation energy implies that the proposed structure can probably be synthesized at ambient temperature. Consequently, an EIS-based cocrystal formation with better safety and ductibility has been predicted by MD simulations, providing deep insight into the formation mechanism of EIS-based cocrystals.
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